A major enigma of primary biliary cirrhosis (PBC) is the selective targeting of biliary cells. Our laboratory has reported that following apoptosis human intrahepatic biliary epithelial cells (HiBEC) translocate the E2 subunit of the pyruvate dehydrogenase complex immunologically intact into apoptotic bodies, forming an apotope. However, the cell type and specificity of this reaction has not been fully defined. To address this issue we have investigated whether PDC-E2, BCOADC-E2, OGDC-E2, four additional inner mitochondrial enzymes and four nuclear antigens remain immunologically intact with respect to post-apoptotic translocation in HiBEC and 3 additional control epithelial cells. We report that all three 2-oxo acid dehydrogenase enzymes share the ability to remain intact within the apotope of HiBEC. Interestingly the E2 subunit of the branched chain 2-oxo acid dehydrogenase complex also remained intact in the other cell types tested. We extended the data using 95 AMA + and 19 AMA -PBC and 76 control sera for reactivity against the 7 mitochondrial proteins studied herein and also the ability of AMAsera to react with HIBEC apotopes. Sera from 3/95 AMA + sera, but none of the controls, reacted with 2, 4-dienoyl
CoA reductase 1 (DECR1), an enzyme also present intact only in the HiBEC apotope; DECR1 has not been previously associated with any autoimmune disease. Finally the specificity of HIBEC apotope reactivity was confined to AMA + sera. In conclusion, we submit that the biliary specificity of PBC is secondary to the unique processes of biliary apoptosis.
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Apoptosis; human intrahepatic biliary epithelial cells; E2 subunit of 2-oxoacid dehydrogenase complex; nuclear antigens; autoimmunity A major deficiency in our understanding of primary biliary cirrhosis (PBC) is the identification of mechanisms that lead to the selective destruction of small intrahepatic bile ducts. PBC is characterized by a multi-lineage T and B cell response against the E2 subunit of the pyruvate dehydrogenase complex (PDC-E2) (1, 2) , which is contained in the mitochondria of all nucleated cells. However, only the epithelial cells of small bile ducts and, to a lesser extent, salivary glands are targeted in this autoimmune disease. PBC can also reoccur following liver transplantation, even in the absence of MHC matching, suggesting that there is no restricted phenotype of the target cells and that bile ducts from any host can be destroyed (3) .
We have recently shown that following apoptosis, human intrahepatic biliary epithelial cells (HiBEC), but not other epithelial cells, translocate immunologically intact PDC-E2 into the apoptotic body (AB), forming an apotope. This could explain the biliary selectivity of autoimmune damage in PBC (4, 5) . While our previous study focused only on PDC-E2, it has been reported that 23% and 57% patients with PBC also produce autoantibodies against two other 2-oxo acid dehydrogenase enzymes, the E2 subunit of the oxo-glutarate dehydrogenase complex (OGDC-E2) and the E2 subunit of the branched chain 2-oxo acid dehydrogenase complex (BCOADC-E2), respectively (1, (6) (7) (8) (9) . Furthermore, AMA -PBC patients do not have autoantibodies against PDC-E2, OGDC-E2 or BCOADC-E2 but often have autoantibodies to nuclear autoantigens (8, (10) (11) (12) (13) . This raises the possibility that an immune response against other proteins in ABs of HiBEC could also cause selective biliary damage in PBC. We therefore determined whether OGDC-E2 or BCOADC-E2, as well as other potential mitochondrial autoantigens or candidate nuclear autoantigens are also immunologically intact in the ABs of HiBEC. We report that PDC-E2, OGDC-E2 and BCOADC-E2 are all translocated immunologically intact to the ABs of HiBEC. Furthermore, another mitochondrial enzyme, 2, 4-dienoyl CoA reductase 1 (DECR1), is also found intact within the ABs of HiBEC and a small number of patients with PBC have serum autoantibodies against this protein.
MATERIALS AND METHODS

Patient Samples
Serum samples were obtained from human subjects diagnosed with PBC (n=114), systemic lupus erythematosus (SLE; n=23), primary sclerosing cholangitis (PSC; n=22) or unaffected controls (n=31). The diagnosis in all cases was based on established criteria (1, 14, 15) . Patients with PBC and the three control groups were matched by gender and age. The 114 PBC patients include 108 females and 6 males. Ninety-five patients had serum antimitochondrial antibodies (AMA) while 19 were AMA -. The AMA + serum samples were randomly selected from a sera bank maintained at the University of California Davis. The presence or absence of serum AMA was confirmed by both immunofluorescence microscopy and immunoblotting against recombinant antigens (see below). The clinical and pathological features of patients with PBC are summarized in Table 1 . The protocol was approved by the Institutional Review Board of the University of California Davis.
Antigens
Recombinant human PDC-E2, OGDC-E2 and BCOADC-E2 were prepared in our laboratory as previously described (9, 16) . Partial recombinant human DECR1 fused to glutathione-Stransferase (GST) was purchased from Abnova (Taipei, Taiwan). Recombinant ubiquinol cytochrome c reductase complex core protein II (UQCRC2), cytochrome C oxidase IV (COX-IV) and adenosine-5'-triphosphate synthase subunit beta (ATPB) were purchased from Abcam Inc. (Cambridge, MA). The antigens studied herein were selected based on their ubiquitous mitochondrial nature and conserved sequence across species.
Antibodies
Mouse monoclonal antibodies against PDC-E2, OGDC-E2 and BCOADC-E2 (clones 2H-4C8, 2H-5A12 and 2H-2D3, respectively) have been described previously (17) . Mouse monoclonal antibodies against ATPB (clone 3D5), DECR1, UQCRC2 (clone 13G12), COX-IV (clone 20E8), and SSA/Ro were purchased from Abcam. Rb72 (rabbit antisera against gp210) was a gift of Dr. Larry Gerace, Scripps Research Institute (La Jolla, CA) (18) . Rabbit polyclonal antibody against SSB/La was purchased from Abcam. Rabbit polyclonal antibody against Sp100 was purchased from R&D Systems (Minneapolis, MN). Horseradish peroxidase (HRP) conjugated secondary antibodies anti-human IgG, anti-rabbit IgG, and anti-mouse IgG were purchased from Jackson Immuno-Research (West Grove, PA).
Cell Cultures
HiBEC, human bronchial epithelial cells (BrEPC), and human mammary epithelial cells (MaEPC) were purchased from ScienCell (San Diego, CA). Human keratinocytes were kindly donated by Dr. Rivkah Isseroff (University of California Davis). All cells were primary cultures isolated from normal human tissue and cryopreserved immediately after purification. The HiBEC cells were derived from two separate healthy donors. HiBEC were cultured in epithelial cell medium (ScienCell) supplemented with 2% fetal bovine serum (FBS), epithelial cell growth supplement (ScienCell) and 1% penicillin in flasks coated with poly-L-lysine (Sigma-Aldrich, St. Louis, MO). HiBEC were characterized using a previously described immunofluorescence microscopic method with antibodies to cytokeratin 7, cytokeratin 19 and vimentin, which labeled >90% of the cells in culture (19, 20) . The other epithelial cells were cultured under the same conditions without FBS. All cells were cultured at 37°C in a humidified 5% CO 2 incubator and experiments were performed using cells between passage 2 and 5 (4, 5) .
Induction of Apoptosis and Isolation of ABs
Initially apoptosis was induced using three different methods. Firstly we induced apoptosis with bile salts as described previously (4, 5, 21) , with minor modifications. Briefly, cell cultures were incubated in serum-free medium containing 1 mM sodium glycochenodeoxycholate (GCDC; Sigma-Aldrich) for 10 hours at 37°C. Apoptosis was also induced by UVB irradiation (1650 J/m2) followed by incubation in fresh medium for 6 hours and alternatively using anti-Fas antibodies (Clone EOS9.1, eBioscience, San Diego, CA) at 1μg/ml to the culture medium for 16 hours with the confirmation of surface expression of Fas in all cell lines. We selected bile salts as in our previous work (4) . After induction of apoptosis, cell culture supernatants were collected and two additional centrifugation steps (500g for 5 minutes) were performed to remove remaining viable cells. Supernatants were then passed through a 1.2 μm nonpyrogenic hydrophilic syringe filter. After centrifugation at 100,000g for 45 minutes, the pellets containing apoptotic bodies were resuspended in RIPA lysis buffer (Cell Signaling Technology, Boston, MA) containing a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN).
Quantification of Apoptosis by Flow Cytometry
The rate of apoptosis was determined by flow cytometry using the PE Annexin V Apoptosis Detection Kit (BD Pharmingen, San Jose, CA). Briefly, 1×10 6 cells were washed twice with cold phosphate buffered saline and resuspended in 1X Annexin V Binding Buffer (BD Pharmingen, San Jose, CA) followed by double-staining with PE-conjugated anti-Annexin V and 7-amino-actinomycin D for 15 minutes at room temperature in the dark. The samples were immediately analyzed by flow cytometry with at least 10,000 events counted. Stained cells were assessed on a FACScanflow cytometer (BD Immunocytometry Systems, San Jose, CA). Acquired data were analyzed with FlowJo Software (TreeStar, Inc., San Carlos, CA).
Detection of Mitochondrial Proteins and Nuclear Proteins in ABs
Non-apoptotic cells and apoptotic bodies were resuspended in the RIPA lysis buffer (Cell Signaling Technology) with protease inhibitor cocktail and incubated on ice for 30 minutes. Total protein contents of the lysates were determined by the bicinchoninic acid assay (Thermo Scientific, Rockford, IL). Samples were then diluted 1:4 in NuPAGE SDS Sample Buffer (Invitrogen, Carlsbad, CA) containing dithiothreitol (5 mM). Lysates equivalent to 5 μg of total protein per lane were loaded on 10% NuPAGE gels (Invitrogen) and electrophoresed at 150 volts for 2 hours, then electro-transferred onto nitrocellulose membranes. The membranes were stained with Ponceau S solution (Sigma-Aldrich) to visualize protein bands. After blocking with 5% skim milk in phosphate buffered saline for 2 hours, membranes were incubated with primary monoclonal or polyclonal antibodies or antisera against each individual mitochondrial and nuclear proteins overnight at 4°C, washed and then incubated with HRP-conjugated goat anti-mouse IgG or HRP-conjugated goat antirabbit IgG diluted 1:5,000. Antibody binding was detected by chemiluminscence using the Supersignal chemiluminscent substrate (ThermoScientific, Rockford, IL) as described (4) .
Detection of Autoantibodies in Serum Samples
Autoantibodies were detected by immunoblotting using a triple hybrid recombinant protein containing the immunodominant domains of PDC-E2, OGDC-E2 and BCOADC-E2 , or using individual recombinant mitochondrial proteins (7, 17, 22) . In brief, 15 μg of purified recombinant protein was loaded onto a 4-12% NuPAGE Zoom gel with immobilized pH gradient wells (Invitrogen, Carlsbad, CA), and electrophoresed at 150 V for 2 hours. Separated proteins were electro-transferred onto nitrocellulose membranes, which were then cut into 30 strips (0.5 μg/strip). Serum samples were diluted 1:500 and incubated with the nitrocellulose strips containing individual antigens overnight at 4°C. Strips were washed and incubated with HRP-conjugated anti-human IgA+M+G at a 1:5,000 dilution. Antibody binding was detected by chemiluminscence (4) . Antibodies to gp210 and Sp100 were measured using the QUANTA LITE™gp210 and QUANTA Lite™ Sp100 ELISA kit (INOVA Diagnostic Inc., San Diego, CA). Positive and negative controls were included throughout.
RESULTS
PDC-E2, OGDC-E2, BCOADC-E2 and DECR1 Are Present Intact in ABs from HiBEC
We first set out to determine whether the 7 mitochondrial and 4 nuclear antigens were present in ABs from HiBEC or other epithelial cells. We confirmed by immunoblotting that all 11 proteins were present in naive unmanipulated cultures of human primary epithelial cells studied herein, HiBEC, BrEPC, MaEPC and keratinocytes. Next, we incubated these 4 cell lines with GCDC and demonstrated that apoptosis was efficiently induced in each (Figure 1) .
We then isolated ABs from each of the 4 cell types and their non-apoptotic counterparts to determine using immunoblotting whether the 7 mitochondrial enzymes and the 4 nuclear antigens remained intact following apoptosis (Figure 2) . As expected, PDC-E2 was only detected in ABs from HiBECs as we previously reported (4) . It was not detected in ABs of the three other epithelial cell lines (Figure 2A) . The protein recognized by anti-PDC-E2 antibodies migrated with an apparent molecular mass of 74 kDa, consistent with the fulllength PDC-E2. OGDC-E2, another lipoyl-domain containing enzyme of the mitochondrial inner membrane that is structurally related to PDC-E2, also appeared to be intact exclusively within ABs from HiBEC (Figure 2B) . DECR1, a 36-kDa subunit-sized homotetrameric protein of the mitochondrial matrix, was also present intact in ABs from HiBEC but not the other epithelial cells (Figure 2C) . Among the other proteins we examined, BCOADC-E2 and UQCRC2 were detected intact in ABs from HiBEC, BrEPC and MaEPC but not keratinocytes (Figure 2D and 2E) . SSA/Ro (Figure 2F) was detected in ABs from HiBEC and BrEPC whereas SSB/La (Figure 2G ) was detected only in ABs from BrEPC. Antibodies specific to gp210 recognized only a fragment of the full length protein, a 170kDa band and a 100kDa in the ABs from HiBEC and BrEPC, respectively. No gp210 reactivity was detected in the ABs from keratinocytes and MaEPC ( Table 2) . ATPB (Figure 2H ) COX-IV and Sp100 were not found in apoptotic bodies from any of the cell types examined (see supplementary data).
Detection of Serum Autoantibodies Against Mitochondrial Enzymes in ABs from HiBEC
To examine the autoantibody reactivity of patients against the autoantigens that were detected intact in the ABs from HiBEC, we tested 190 serum samples from patients with PBC and controls for autoantibodies against the 7 mitochondrial enzymes ( Table 3) . As expected, autoantibodies against PDC-E2, OGDC-E2 and BCOADC-E2 were detected only in AMA + patients with PBC (Table 3) . However, we also detected antibodies against DECR1 in 3 patients with PBC who also had serum antibodies against PDC-E2 ( Figure 3 and Table 3 ). There was no reactivity of sera from AMApatients against any of the mitochondrial proteins studied herein. Further there was no reactivity of the AMA -PBC sera nor any of the control sera against the ABs of HiBEC cells. Thus the specificity against HIBEC ABs is confined to AMA + patients.
DISCUSSION
Apoptosis, or programmed cell death, occurs ubiquitously in human cells and is a process by which the remnants of dead cells are eliminated efficiently without the induction of overt inflammatory responses. Dysfunction of apoptosis has been linked to the onset of autoimmunity (23) (24) (25) (26) . In particular, defective clearance of apoptotic cells have been implicated in the initiation and pathogenesis of autoimmunity (23, 27, 28) . While serum autoantibodies against the E2 subunits of mitochondrial 2-oxo-dehydrogenase have been well characterized in PBC (1, 6) , the discovery that these proteins are intact only in ABs from HiBEC helps to explain the selective destruction of biliary cells in the disease.
We have previously reported a HiBEC-specific failure in the post-apoptotic degradation (PAD) of antigenic PDC-E2, the major autoantigen (4).
In this study, we have now demonstrated that defective PAD in HiBEC is not limited to PDC-E2, but also involves OGDC-E2 and BCOADC-E2 that are also intact in HiBEC ABs. We identified in ABs from HiBEC the other PBC-specific mitochondrial autoantigens, OGDC-E2 and BCOADC-E2, which are recognized by serum antibodies in approximately 23% and 57% of patients, respectively (9) . Thus, all 3 mitochondrial 2-oxo acid dehydrogenase complexes that are autoantigens in PBC can be traced to HiBEC ABs. These findings highlight the involvement of inappropriate PAD as the source of autoantigens and perhaps in the pathogenesis of biliary-selective damage in PBC.
The present study focused on the tissue specificity of the apotope. Upon being taken up by local professional phagocytotic cells, these incompletely processed proteins may critically challenge the balance between tolerance and autoimmunity, thus providing a structural basis for the eventual biliary epithelial cell (BEC)-selective immune response of PBC. However, we hypothesize that the unique PAD pattern of HiBEC is not sufficient to initiate the pathologic damage in PBC, not only because the HiBEC studied here are from donors without PBC and the autoantigen-loaded ABs may therefore occur in anyone, but because PBC frequently recurs even after allogenic liver transplantation. In addition, the constant leakage of intact cellular components may cause antigen accumulation in regions near BECs.
Epithelial cells can either uptake and process ABs from their neighboring apoptotic cells as non-professional phagocytes (29, 30) or present pathologic epitopes onto their surface as non-professional antigen presenting cells (31) (32) (33) . In PBC, the atypical distribution of PDC-E2 on the surface of BECs in patients has been described (34) (35) (36) (37) . The presence of pathological epitopes on the surface of BEC may serve as targets to attract the autoantibody mediated immunologic attack if tolerance has been broken.
Our data suggest that the defect of cellular protein PAD is not unique to HiBECs. We found several intact autoantigens in ABs of different epithelial cells, implying human epithelial cells variably process their apoptotic leftovers due to factors yet to be determined. We found BCOADC-E2, a PBC autoantigen, to be immunologically intact in epithelial cells other than HiBEC. This finding would suggest that cells other than biliary epithelium could be targeted by the immune response in patients with PBC and anti-BCOADC-E2 autoantibodies. However, more complex factors may regulate and determine the immune response to epithelial ABs, such as quantity of antigen expressed and its access to immune cells (38) . Furthermore, only patients with PBC and serum AMA react with HiBEC ABs; yet patients with PBC without detectable AMA still have biliary damage. This suggests that biliary damage in PBC may not only be mediated by autoantibodies but also be cell mediated responses, which would not have been detected in the experimental approach used herein.
Data from this study reinforces the hypothesis of apoptosis-related immune tolerance as a mechanism in the initiation and perpetuation in PBC. Clearly, the etiology of PBC is unknown. However, both genetic susceptibility and environmental factors contribute to the onset of disease. Interestingly, a number of candidate gene studies have reported critical links involving both MHC and non-MHC genes (39) (40) (41) (42) (43) (44) . More recently, genome-wide casecontrol association studies in PBC have identified a significant association with IL-12A, IL-12RB2, and STAT-4 polymorphisms (45, 46) . Interestingly, IL12A polymorphism is associated with celiac disease (47) and multiple sclerosis (48) and STAT-4 polymorphism is also found in patients with systemic lupus erythematosus (SLE) and rheumatoid arthritis (49) . The association of these pleiotropic immune function related genes in PBC and other autoimmune diseases illustrates that multiple genes are shared between clinical immune related diseases and the immune-mediated pathogenesis may be secondary upon breaking of tolerance by environmental xenobiotics (50) . The challenge is to translate these genetic differences with functional human immunopathology.
The pattern of antigens found within ABs is determined not by disease but rather by the evolutional characters of each cell type. Given this perspective, no cell of an autoimmune attack is really an innocent victim. Rather, development of disease, whether systemic or organ-specific, is largely dependent on the genetics and/or environment-induced susceptibility of each individual to the loss of tolerance of a specific apotope. Thus, in the case of PBC, autoimmunity does not target epithelial cells of the bronchia or mammary glands despite the failure of these epithelial cells to completely clear all self-antigens under the same experimental conditions. HiBECs are targeted and destroyed for the selective presence of special apoptotic antigens, PDC-E2 and sometimes others, which are sensitive to the pre-existing immunologic defect in PBC patients.
In addition to the three known mitochondrial autoantigens in PBC, we identified another mitochondrial enzyme, DECR1, as exclusively intact within HiBEC ABs. DECR1 was also immunologically recognized by antibodies in a small number of serum samples from PBC patients. DECR1, also known as 2,4-dienoyl-CoA reductase 1, participates in the betaoxidative metabolism of unsaturated fatty enoyl-CoA esters in mitochondria (51) . Neither DECR1 nor antibodies against it have so far been reported to be involved in the pathogenesis of any autoimmune disease. Studies to trace and compare the apoptotic pathway of PDC-E2 and DECR1 may provide more details about the defect of antigen preservation in BECs.
Although anti-gp210 and anti-Sp100 are also prominent in patients in PBC, Sp100 was not detected in AB, whereas gp210 was detected in AB of BrEPC and HiBEC. Furthermore, our data showed that neither AMA -PBC patients nor any of the control sera reacted with ABs of HIBECs. Thus, the specificity against HIBECs is confined to AMA + patients. The role of gp210 and other nuclear antigens in PBC thus still remains unclear. The immunological differences between AMA + and AMApatients also remain enigmatic. Interestingly, AMAnegative patients have been detected to have T cell reactivity to the mitochondrial antigens but clearly do not have the same properties against ABs as found in AMA + patients.
Our study provides additional insights into the apoptosis-related immune tolerance breakdown in PBC. We have obtained data supporting the hypothesis that the incompletely cleaved cellular components specifically generated in biliary epithelium are potential sources of autoantigens and thus contribute to the formation of PBC. Tolerance to all the four identified HiBEC specific apotopes, PDC-E2, OGDC-E2, BCOADC-E2, and DECR1, were proved to be broken by the detection of their autoantibodies and/or antigen-specific T cells PBC (1, (6) (7) (8) 52) . However, the immunogenicity of each apotope, from 95% for PDC-E2 to 3% for DECR1, shows great diversity indicating the process is determined by multiple factors that require further investigation. The current results also extend our knowledge about the immunological properties of HiBECs, which indicate that they are more than an innocent victim in the pathogenesis of PBC. A further systematic assessment of the immunobiological features of HiBECs may therefore lead to a better understanding of the biliary-selective damage in PBC. Features of patients with PBC at the time of enrollment Hepatology. Author manuscript; available in PMC 2012 July 1.
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Presence of mitochondrial inner membrane enzymes and nuclear antigens in apoptotic bodies of various cell types undergoing apoptosis Detection of autoantibodies in PBC patients and control 
